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(57) ABSTRACT

In one embodiment, a scintillator material includes a polymer
matrix; and a primary dye in the polymer matrix, the primary
dye being a fluorescent dye, the primary dye being present in
an amount of 5 wt % or more; wherein the scintillator material
exhibits an optical response signature for neutrons that is
different than an optical response signature for gamma rays.
In another embodiment, a scintillator material includes a
polymer matrix; and a primary dye in the polymer matrix, the
primary dye being a fluorescent dye, the primary dye being
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27 Claims, 10 Drawing Sheets

o

-~




US 9,309,456 B2

Page 2
(56) References Cited 2006/0054863 Al 3/2006 Daiet al.
2006/0086311 Al 4/2006 Zagumennyi et al.
U.S. PATENT DOCUMENTS 2006/0131589 Al 6/2006 Caruso et al.
2006/0138340 Al 6/2006 Ianakiev et al.
4578213 A 3/1986 Simonetti 2006/0255282 Al 11/2006 Nikolic et al.
4,652,532 A 3/1987 Bain et al. 2007/0160279 Al 7/2007 Demos
4,692,266 A 9/1987 Costa et al. 2007/0175383 Al 8/2007 Fukuda et al.
4718417 A 1/1988 Kittrell et al. 2008/0017804 Al 1/2008 Krishnamoorthy et al.
4,930,516 A 6/1990 Alfano et al. 2008/0145338 Al 6/2008 Anderson et al.
4957114 A 9/1990 Zeng et al. 2008/0178904 Al 7/2008 Peters
4,957,144 A 0/1990 Watanabe et al. 2008/0267472 Al 10/2008 Demos
5,042,494 A 8/1991 Alfano 2008/0275171 Al  11/2008 Song et al.
5,110,500 A 5/1992 Walker 2009/0023830 Al 1/2009 Imai
5,131,398 A 7/1992  Alfano et al. 2010/0252741 Al 10/2010 Zaitseva et al.
5261410 A 11/1993 Alfano et al. 2010/0256923 Al  10/2010 Payne et al.
5313,306 A 5/1994 Kuban et al. 2011/0266643 Al 112011 Engelmann et al.
5,348,018 A 9/1994 Alfano et al. 2011/0284755 Al 11/2011 Stradins et al.
5,436,655 A 7/1995 Hiyama et al. 2012/0043632 Al 2/2012 Nikolic et al.
5,467,767 A 11/1995 Alfano et al. 2012/0132819 Al 5/2012 Climent
5474,816 A 12/1995 Talabella 2012/0241630 Al 9/2012 Walker et al.
5,593,879 A 1/1997 Steller et al. 2012/0317791 Al 12/2012 Frank
5,606,638 A * 2/1997 Tymianskietal. .......... 385/143 2012/0326042 Al 12/2012 Zaitseva et al.
5726453 A 3/1998 Iott et al. 2013/0033589 Al 2/2013 Demos
5769,081 A 6/1998 Alfano et al. 2013/0099125 Al 4/2013 Grodzins
5,833,596 A 11/1998 Bonnell et al. 2013/0168566 Al 7/2013 Blackburn et al.
5,847,394 A 12/1998 Alfano et al. 2013/0175340 Al 7/2013 Endo et al.
5,872,363 A 2/1999 Bingham et al. 2013/0181135 Al 7/2013 Payne
5,940,460 A 8/1999 Seidel et al. 2013/0187056 Al 7/2013 Nikolic et al.
5,949,069 A 9/1999 Chace et al. 2013/0263982 Al  10/2013 Pagoda et al.
5,975,899 A 11/1999 Badoz et al. 2013/0299702 Al 11/2013 Zaitseva et al.
5,976,076 A 11/1999 Kolff et al. 2014/0291532 Al 10/2014 Payne et al.
5997472 A 12/1999 Bonnell et al. 2015/0028217 Al 1/2015 Zaitseva et al.
6,169,289 Bl 1/2001 White et al.
6,255,657 B1* 7/2001 Coleetal. ... 250/367 FOREIGN PATENT DOCUMENTS
6,269,169 Bl 7/2001 Funk et al.
6,413,267 Bl 7/2002 Dumoulin-White et al. GB 2254417 A 10/1992
6,462,770 B1  10/2002 Cline et al. RU 1780423 C 11/1994
6,477,403 B1  11/2002 Eguchi et al. WO 0238040 A2 5/2002
6,529,769 B2 3/2003 Zigler WO 2012014265 Al 2/2012
6,544,442 Bl 4/2003 Bell etal. WO 2012142365 A2 10/2012
6,598,428 Bl 7/2003 Cryan et al.
6,687,000 Bl 2/2004 White OTHER PUBLICATIONS
6,730,019 B2 5/2004 Irion
6,775,567 B2 8/2004 Cable et al. Non-Final Office Action from U.S. Appl. No. 12/167,104 dated Sep.
6,817,633 B2  11/2004 Brill et al. 15,2011,
g:g;‘g:ggg g% 1%882 nglg:f etal Final Office Action from U.S. Appl. No. 12/167,104 dated Feb. 23,
6,975,899 B2  12/2005 Faupel et al. 2012.
7,003,147 B2 2/2006 Inoue Notice of Allowance and Fee(s) Due from U.S. Appl. No. 12/167,104
7,016,717 B2 3/2006 Demos et al. dated Jun. 21, 2012.
7,067,079 B2 6/2006 Bross et al. Udagawa et al., “Aberrant Porphyrin Metabolism in Hepatocellular
7,145,149 B2* 12/2006 Cookeetal. ... 250/361 R Carcinoma,” 1984 Academic Press, Inc., Biochemical Medicine, vol.
7,164,138 B2 1/2007 McGregor et al. 31 131-139
7,172,553 B2 2/2007 Ueno et al. LN : - . .
7.257.437 B2 8/2007 Demos et al. Pitts et al., “Autofluorescene characteristics of immortalized and
7,372,041 Bl 5/2008 Nagarkar et al. carcinogen-transformed human bronchial epithelial cells,” 2001
7,723,114 B1* 5/2010 Coatesetal. ................... 436/57 SPIE, Journal of Biomedical Optics, vol. 6, No. 1, Jan. 2001, pp.
7,857,993 B2  12/2010 Dai et al. 31-40.
;’ggg’gzg g% 41‘; %81 i ?u}latna]i Zawirska, B., “Comparative Porphyrin Content in Tumors with Con-
,930, in et al. : K P »
7945077 B2 59011 Demos tiguous Non-Neoplastic Tissues,” 1979, Neoplasma, vol. 26, No. 2,
8.177.998 B2 52012 Dai etal. pp. 223-229. _ _ _
8,205,707 B2 6/2012 Yamamoto et al. Malik et al., “Destruction of Erythroleukaemic Cells by Photoactiva-
8,207,507 B2 6/2012 Zaitseva et al. tion of Endogenous Porphyrins,” The Macmillan Press Ltd., 1987,
8,285,015 B2  10/2012 Demos Br. J. Cancer, 1987, vol. 56, pp. 589-595.
8,314,399 B2  11/2012 Clothier et al. Zhang et al., “Far-red and NIR Spectral Wing Emission from Tissues
8,461,546 B2 6/2013 Payne et al. under 532 and 632 nm Photo-excitation,” 1999 OPA, Lasers in the
8,580,054 B2  11/2013 Pagoria et al. Life Sciences. vol. 9 1-16
8,584,950 B2  11/2013 Endo etal. P VO 2 PP 210
8.735.843 B2 52014 Pavne of al. Alfano et al., “Laser Induced Fluorescence Spectroscopy from
735, yn : o
8.872.125 B2  10/2014 Zaitseva et al. Native Cancerous .and Normal Tissue,” 1984 IEEE, IEEE Journal of
2001/0030744 Al  10/2001 Chang Quantum FElectronics, vol. QE-20, No. 12, Dec. 1984, pp. 1507-1511.
2002/0103439 Al 8/2002 Zeng et al. Navone etal., “Heme Biosynthesis in Human Breast Cancer-Mimetic
2003/0158470 Al 8/2003 Wolters et al. “In Vitro” Studies and Some Heme Enzymic Activity Levels,” 1990
2003/0232445 Al 12/2003 Fulghum, Jr. Pergamon Press Pic, International Journal on Biochemistry, vol. 22,
2004/0019281 Al 1/2004 Weber et al. No. 12, pp. 1407-1411.
2004/0175383 Al 9/2004 Barr et al. Richards-Kortum et al.,, “Spectroscopic Diagnosis of Colonic
2005/0020926 Al 1/2005 Wiklof et al. Dysplasia,” 1991 Pergamon Press Pic, Photochemistry and
2005/0208290 Al 9/2005 Patel Photobiology, vol. 53, No. 6, pp. 777-786.



US 9,309,456 B2
Page 3

(56) References Cited
OTHER PUBLICATIONS

Demos et al., “Subsurface Imaging Using the Spectral Polarization
Difference Technique and NIR Illumination,” Part of the SPIE Con-
ference on Optical Tomography and Spectroscopy of Tissue III, Jan.
1991, SPIE 3597, pp. 406-410.

Demos et al., “Tissue Imaging for Cancer Detection Using NIR
Autofluorescence,” 2002 SPIE, Optical Biopsy IV, Proceedings of
SPIE, vol. 4613, pp. 31-34.

Corle et al., “Chapter 2—Instruments,” Confocal Scanning Optical
Microscopy and Related Imaging Systems, 1996, pp. 67-145.
Peurrung, A. J., “Recent developments in neutron detection,” 2000
Elsevier Science B.V., Nuclear Instruments and Methods in Physics
Research A, vol. 443, 2000, pp. 400-415.

Brooks, F. D., “Development of Organic Scintillators,” North-Hol-
land Publishing Co., Nuclear Instruments and Methods, vol. 162,
1979, pp. 477-505.

Vijayan et al., “Growth, optical, thermal and mechanical studies of
methyl 4-hydroxybenzoate single crystals,” 2003 Elsevier B.V., Jour-
nal of Crystal Growth, vol. 256, 2003, pp. 174-182.

Varfolomeeva, V. N, et al., “Polarization Diagrams for the Fluores-
cence of Single Crystals of Salicylic Acid and Salicylates,” Soviet
Physics—Crystallography, vol. 13, No. 2, Sep.-Oct. 1968, pp. 209-
211.

Mandshukov, I. G., et al., “Properties of a New Class of Organic
Scintillators: Derivatives of Salicyclic Acid,” 1982 Plenum Publish-
ing Corporation, University of Sofia, Bulgaria, Translated from
Pribory i Tekhnika Eksperimenta, No. 3, May-Jun. 1981, pp. 605-
611.

Zhao et al., “Characteristics of large-sized Ce:YAG Scintillation
crystal grown by temperature gradient technique,” 2003 Elsevier
B.V,, Journal of Crystal Growth, vol. 253, 2003, pp. 290-296.
Non-Final Office Action from U.S. Appl. No. 12/418,434 dated May
20, 2011.

Non-Final Office Action from U.S. Appl. No. 12/418,434 dated Nov.
22,2011.

Notice of Allowance and Fee(s) Due from U.S. Appl. No. 12/418,434
dated Feb. 23, 2012.

Non-Final Office Action from U.S. Appl. No. 12/418,450 dated Jul.
13,2011.

Non-Final Office Action from U.S. Appl. No. 12/418,450 dated Nov.
15,2011.

Final Office Action from U.S. Appl. No. 12/418,450 dated Feb. 24,
2012.

Notice of Allowance and Fee(s) Due from U.S. Appl. No. 12/418,450
dated Oct. 22, 2012.

Non-Final Office Action from U.S. Appl. No. 13/736,898 dated Mar.
8,2013.

Anutgan et al., “Effect of heat treatment on the stress and structure
evolution of plasma deposited boron nitride thin films,” Surface &
Coatings Technology, vol. 202, 2008, pp. 3058-3066.

Dusane, R. O., “Opportunities for new materials synthesis by hot
wire chemical vapor process,” Thin Solid Films, vol. 519, 2011, pp.
4555-4560.

Lattemann et al., “New approach in depositing thick, layered cubic
boron nitride coatings by oxygen addition—structural and composi-
tional analysis,” Thin Solid Films, vol. 515, 2006, pp. 1058-1062.
Bello et al., “Deposition of thick cubic boron nitride films: The route
to practical applications,” Diamond & Related Materials, vol. 14,
2005, pp. 1154-1162.

He et al., “Improvement of adhesion of cubic boron nitride filsm:
effect of interlayer and deposition parameters,” Materials Science
Forum, vols. 475-479, 2005, pp. 3637-3638.

Shultis et al., “Efficiencies of Coated and Perforated Semiconductor
Neutron Detectors,” 2004 IEEE, pp. 4569-4574.

McGregor et al., “New Surface Morphology for Low Stress Thin-
Film-Coated Thermal Neutron Detectors,” 2002 IEEE, IEEE Trans-
actions on Nuclear Science, vol. 49, No. 4, Aug. 2002, pp. 1999-2004.

Matsumoto et al., “The introducing of fluorine into the deposition of
BN: a successful method to obtain high-quality, thick ¢BN films with
low residual stress,” Diamond and Related Materials, vol. 10, 2001,
pp. 1868-1874.

Karim et al., “Effect of deposition parameters on the formation of
cubic BN films deposited by plasma-assisted chemical vapour depo-
sition from non-toxic material,” Surface and Coatings Technology,
vol. 54-55, 1992, pp. 355-359.

Non-Final Office Action from U.S. Appl. No. 12/418,450 dated Jun.
14, 2012.

Wang et al., “Morphological instability of crystals grown from thin
aqueous solution films with a free surface,” 1995, Philosophical
Magazine A, vol. 71, No. 2, pp. 409-419.

On Line Product Catalog, down-loaded on Jun. 18, 2013, “Tri-Carb
2910 TR Liquid Scintillation Analyzer,” PerkinElmer.

Greenwood et al., “Li-Salicylate Neutron Detectors with Pulse Shape
Discrimination,” Nuclear Instruments and Methods, vol. 165, 1979,
pp. 129-131.

Sangster et al., “Study of Organic Scintillators,” The Journal of
Chemical Physics, vol. 24, No. 4, Apr. 1956, pp. 670-715.
Schomacker et al., “Ultraviolet Laser-Induced Fluorescence of
Colonic Tissue: Basic Biology and Diagnostic Potential,” Lasers in
Surgery and Medicine, vol. 12, 1992, pp. 63-78.

Grudskaya, Le, “Plastic Scintillators for Seperation of Particles by
Pulse Shape,” Monokristally I Tekhnika, vol. 3, 1968, pp. 153-156.
Bell et al., “Gadolinium- and Boron-Loaded Organic Scintillators for
Neutron Detection,” Transactions of the American Nuclear Society,
vol. 83, 2000, pp. 259-260.

Carturan et al., “Novel Polysiloxane-Based Scintillators for Neutron
Detection,” Radiation Protection Dosimetry, vol. 143, No. 2-4, 2011,
pp. 471-476.

Koshimizu et al., “Organic-Inorganic Hybrid Scintillator for Neutron
Detection Fabricated by Sol-Gel Method,” Japanese Journal of
Applied Physics, vol. 47, No. 7, 2008, pp. 5717-5719.

Brown et al., “Applications of Nanoparticles in Scintillation Detec-
tors,” Antiterrorism and Homeland Defence: Polymers and Materi-
als, American Chemical Society, vol. 980, 2008, pp. 117-129.
Binder et al., “Preparation and Investigation of a Pulse Shape Dis-
crimination Plastic,” Erkezett:, vol. 14, Dec. 10, 1965, pp. 457-461
(non-translated).

Kim et al., “Performance of Hybrid Plastic Scintillator Detectors for
Low-Energy Neutron Measurements,” Journal of the Korean Physi-
cal Society, vol. 52, No. 3, Mar. 2008, pp. 908-912.

Normand et al., “Discrimination methods between neutron and
gamma rays for boron loaded plastic scintillators,” Nuclear Instru-
ments & Methods in Physics Research A, vol. 484, 2002, pp. 342-
350.

Quaranta et al, “Optical and Scintillation Properties of
Polydimethyl-Diphenylsiloxane Based Organic Scintillators,” IEEE
Transactions on Nuclear Science, vol. 57, No. 2, Apr. 2010, pp.
891-900.

Quaranta et al., “Doping of polysiloxane rubbers for the production
of organic scintillators,” Optical Materials, vol. 32, No. 10, 2010, pp.
1317-1320.

Hull et al., “New Organic Crystals for Pulse Shape Discrimination,”
IEEE Transactions on Nuclear Science, vol. 56, No. 3, Jun. 2009, pp.
899-903.

Iwanowska et al., “Composite Scintillators as Detectors for Fast
Neutrons and Gamma-Radiation Detection in the Border Monitor-
ing,” 2009 IEEE Nuclear Science Symposium Conference Record,
pp. 1437-1440.

Hamel et al., “Fluorescent 1,8-naphthalimides-containing polymers
as plastic scintillators. An attempt for neutron-gamma discrimina-
tion,” Reactive & Functional Polymers, vol. 68, No. 12, 2008, pp.
1671-1681.

Kim et al., “Characteristics of Hybrid Plastic Scintillators for Slow
Neutron Measurements,” 2007 IEEE Nuclear Science Symposium
Conference Record, pp. 1971-1975.

Katagiri et al., “Scintillation materials for neutron imaging detec-
tors,” Nuclear Instruments & Methods in Physics Research A, vol.
529, 2004, pp. 274-279.



US 9,309,456 B2
Page 4

(56) References Cited
OTHER PUBLICATIONS

Gervino et al., “A low background, large solid angle neutron detector
for spectroscopy and dosimetry application.” Sensors and Actuators
A, vol. 41-42, 1994, pp. 497-502.

Kubota et al., “A New Solid State Neutron Detector: Particle Identi-
fication With a Barium-Fluoride Plastic Scintillator.” Nuclear Instru-
ments & Methods in Physics Research, vol. A270, 1998, pp. 598-601.
Notice of Allowance and Fee(s) Due from U.S. Appl. No. 13/439,780
dated Jul. 31, 2013.

International Preliminary Report and Written Opinion from PCT
Application No. PCT/US2012/033449 dated Oct. 24, 2013.
Nikolic, Rebecca J. et al., U.S. Appl. No. 13/742,298, filed Jan. 15,
2013.

Zaitseva, Natalia P. et al., U.S. Appl. No. 13/471,259, filed May 14,
2012.

Demos, Stavros G., U.S. Appl. No. 13/601,918, filed Aug. 31, 2012.
Pagoria, Philip F. et al., U.S. Appl. No. 13/439,780, filed Apr. 4,2012.
Advisory Action from U.S. Appl. No. 13/736,898 dated Dec. 9, 2013.
Notice of Allowance and Fee(s) Due from U.S. Appl. No. 13/736,898
dated Jan. 13, 2014.

Final Office Action from U.S. Appl. No. 13/736,898 dated Jun. 24,
2013.

Notice of Allowance and Fee(s) Due from U.S. Appl. No. 13/439,780
dated Jun. 12, 2013.

Restriction/Election Requirement from U.S. Appl. No. 13/439,780
dated Mar. 28, 2013.

Non-Final Office Action from U.S. Appl. No. 13/471,259, dated Apr.
16, 2015.

Zaitseva et al., U.S. Appl. No. 14/253,754, filed Apr. 15, 2014.
Non-Final Office Action U.S. Appl. No. 14/253,754, dated Jan. 22,
2015.

Zaitseva et al., “Plastic scintillators with efficient neutron/gamma
pulse shape discrimination,” Nuclear Instruments and Methods in
Physics Research A, vol. 668, 2012, pp. 88-93.

Andrianov et al., “Synthesis and Properties of 4-Amino-3-
Cyanofurazan,” Chemistry of Heterocyclic Compounds, vol. 30, No.
5, 1994, pp. 608-611.

Brooks, F.D., “A Scintillation Counter with Neutron and Gamma-
Ray Discriminators,” Nuclear Instruments and Methods, vol. 4, 1995,
pp. 151-163.

Bryan et al., “Fast Neutron—Gamma Pulse Shape Discrimination of
Liquid Scintillation Signals for Time Correlated Measurements,”
2003 IEEE Nuclear Science Symposium Conference Record, Oct.
19-25, 2003, pp. 1-5.

Jhingan et al, “Simple Ways of n-y Discrimination Using Charge
Comparison Technique,” ScienceDirect, Nuclear Instruments and
Methods in Physics Research A 585 (2008) 165-171.

Lawrence Livermore National Laboratory, “Laboratory Directed
Research and Development, FY2007 Annual Report”.

Nikolic et al., “6.1 aspect ratio silicon pillar based thermal neutron
detector filled with 10B,” Applied Physics Letters 93, 2008, pp.
133502-1-133502-3.

Nikolic etal., “Fabrication of pillar-structured thermal neutron detec-
tors,” IEEE Nuclear Science Symposium Conference Record, 2007,
pp. 1577-1580.

Nikolic et al., “Si pillar structed thermal neutron detectors: fabrica-
tion challenges and performance expectations,” Lawrence livermore
national laboratory, 2011, pp. 1-13.

Notice of Allowance from U.S. Appl. No. 13/477,910, dated Apr. 16,
2014.

Sellin et al., “Digital Pulse Shape Discrimination Applied to Capture-
Gated Neutron Detectors,” Department of Physics, University of
Surrey, Guildford, UK, pp. 1-18.

Shaposhnikov et al., “New Heterocycles with a 3-Aminofurazanyl
Substituent,” Russian Journal of Organic Chemistry, vol. 38, No. 9,
2002, pp. 1351-1355.

Soderstrom et al., “Digital Pulse-Shape Discrimination of Fast Neu-
trons and y Rays,” ScienceDirect, Nuclear Instruments and Methods
in Physics Research A 594, 2008, pp. 79-89.

Soderstrom, P., “Pulse Shape Discrimination Between Neutrons and
Gamma Rays with Digital Electronics,” Nuclear Structure Group,
Department of Nuclear and Particle Physics, Uppsala University, pp.
1-27.

Demos, S.G., U.S. Appl. No. 11/292,406, filed Nov. 30, 2005.
Zaitseva et al., U.S. Appl. No. 13/437,836, filed Apr. 2, 2012.
Yarovenko et al., “15N NMR study of the mechanism of the reaction
of amidoximes with nitriles in the presence of ZnCl2 and HCI,” 1995
Plenum Publishing Corporation, Russian Chemical Bulletin, vol. 43,
No. 4, 1994, pp. 627-629.

Yarovenko et al, “A convenient synthesis of 3-substituted
S-guanidino-1, 2, 4-Oxadiazoles,” 1994 Plenum Publishing Corpo-
ration, Russian Chemical Bulletin, vol. 43, No. 1, Jan. 1994, pp.
114-117.

Yarovenko et al., “New Synthesis of 1,2,4-Oxadiazoles,” Tetrahe-
dron, vol. 46, No. 11, 1990, pp. 3941-3952.

Yarovenko et al., “Synthesis of 2-amino-5-(5R-1,2,4-Oxadiazolyl)-
1, 3,4-Oxadiazoles,” 1994 Plenum Publishing Corporation, Russian
Chemical Bulletin, vol. 42, No. 12, Dec. 1993, pp. 2014-2017.
Zaitseva et al., “Neutron detection with single crystal organic scintil-
lators,” SPIE Hard X-Ray, Gamma-Ray, and Neutron Detector Phys-
ics, Lawrence Livermore National Laboratory, Jul. 20, 2009, pp.
1-10.

Non-Final Office Action from U.S. Appl. No. 13/601,918, dated Feb.
23,2015.

Non-Final Office Action from U.S. Appl. No. 14/248,951, dated Jan.
20, 2015.

Non-Final Office Action from U.S. Appl. No. 13/471,259, dated Dec.
31,2014.

Non-Final Office Action from U.S. Appl. No. 13/742,298, dated Dec.
17,2014.

Breukers et al., “Transparent lithium loaded plastic scintillators for
thermal neutron detection,” Nuclear Instruments and Methods in
Physics Research A, vol. 701, 2013, pp. 58-61.

Britvich et al., “New Polystyrene-Based Scintillators,” Instruments
and Experimental Techniques, vol. 45, No. 5, 2002, pp. 644-654.
Fisher et al., “Fast neutron detection with 6Li-loaded liquid scintil-
lator,” Nuclear Instruments and Methods in Physics Research A, vol.
646, 2011, pp. 126-134.

Im et al., “Scintillators for Alpha and Neutron Radiations Synthe-
sized by Room Temperature Sol-Gel Processing,” Journal of Sol-Gel
Science and Technology, vol. 32, 2004, pp. 117-123.

Im et al., “Transparent matrix structures for detection of neutron
particles based on di-ureasil xerogels,” Applied Physics Letters, vol.
84, No. 13, Mar. 29, 2004, pp. 2448-2450.

Im et al., “Transparent Solid-State Lithiated Neutron Scintillators
Based on Self-Assembly of Polystyrene-block-poly (ethylene oxide)
Copolymer Architectures,” Advanced Material, vol. 16, No. 19, Oct.
4,2004, pp. 1757-1761.

Katagiri et al., “Neutron/y-ray discrimination characteristics of novel
neutron scintillators,” Nuclear Instruments and Methods in Physics
Research A, vol. 529, 2004, pp. 317-320.

Kazkaz et al., “Comparison of Lithium Gadolinium Borate Crystal
Grains in Scintillating and Nonscintillating Plastic Matrices,” IEEE
Transactions on Nuclear Science, vol. 60, No. 2, Apr. 2013, pp.
1416-1426.

Kesanli et al., “Highly efficient solid-state neutron scintillators based
on hybrid sol-gel nanocomposite materials,” Applied Physics Letters,
vol. 89, 2006, pp. 214104/1-214104/3.

Negina et al., “Plastic Scintillation of Increased Transparency Con-
taining 6Li,” Translated from Pribory i Tekhnika Eksperimenta, No.
5, Sep.-Oct. 1980, pp. 60-62.

Sen et al., “Thermal Neutron Scintillator Detectors Based on Poly
(2-Vinylnaphthalene) Composite Films,” IEEE Transactions on
Nuclear Science, vol. 58, No. 3, Jun. 2011, pp. 1386-1393.

Sen et al., “Polyester Composite Thermal Neutron Scintillation
Films,” IEEE Transactions on Nuclear Science, vol. 59, No. 4, Aug.
2012, pp. 1781-1786.

Zaitseva et al., “Pulse shape discrimination with lithium-containing
organic scintillators,” Nuclear Instruments and Methods in Physics
Research A, vol. 729, 2013, pp. 747-754.

Final Office Action from U.S. Appl. No. 14/253,754, dated May 1,
2015.



US 9,309,456 B2
Page 5

(56) References Cited
OTHER PUBLICATIONS

Non-Final Office Action from U.S. Appl. No. 13/471,259, dated Jul.
30, 2015.

Abdurashitov,et al., “A high resolution, low background fast neutron
spectrometer,” Nucl. Instrum. Meth. A, vol. 476, Issues 1-2, Jan. 1,
2002, pp. 318-321.

Bell, Z.W., “Boron-loaded silicone rubber scintillators,” IEEE Trans.
Nucl. Sci., vol. 51, Issue 4, 2004, pp. 1773-1776.

Bessiere, et al. “Luminescence and scintillation properties of CS 2
LiYCI6: Ce 3+ for ? and neutron detection,” Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrom-
eters, Detectors and Associated Equipment, vol. 537, Issue 1, Jan. 21,
2005, pp. 242-246.

Birowosuto, et al, “Li-Based Thermal Neutron Scintillator
Research; and Other Elpasolites,” Nuclear Science, IEEE Transac-
tions, vol. 55, Issue 3, Jun. 2008, pp. 1152-1155.

Bollinger, et al., “Measurements of the time dependence of scintilla-
tion intensity by a delayed-coincidence method”, G.E., Rev. Sci.
Instr., vol. 32, Issue 9, 1961, pp. 1044-1050 (published online Dec.
29, 2004).

Brooks et al., “Pulse shape discrimination in plastic scintillators”,
Nuclear Science, IRE Transactions, NS vol. 7, Issue 2-3, Jun. 1960,
pp. 35-38.

Carman, et al., “The effect of material purity on the optical and
scintillation properties of solution-grown trans-stilbene crystals,”
Journal of Crystal Growth, vol. 368, 2013, pp. 56-61.

Flaska, et al., “Digital pulse shape analysis for the capture-gated
liquid scintillator BC-523 A,” Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors
and Associated Equipment, vol. 599, Issue 2, Feb. 11, 2009, pp.
221-225.

Glodo, et al., “Scintillator for Nuclear Monitoring Applications,”
Nuclear Science, IEEE Transactions, vol. 56, Issue 3, Jun. 2009, pp.
1257-1261.

Greenwood, “6Li-loaded liquid scintillators with pulse shape dis-
crimination,” Rev. Sci. Instrum., vol. 50, Issue, 4, 1979, pp. 472-477.
Hansen, et al., “Neutron-gamma discrimination in plastic scintilla-
tors”, IEEE Trans. Nucl. Sci., vol. 47, Issue 6, Dec. 2000, pp. 2024-
2028.

Kiff, et al., “Neutron detection and identification using ZnS: Ag/ 6LiF
in segmented antineutrino detectors,” Nuclear Instruments & Meth-
ods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment and Associated Equipment, vol.
652, Issue 1, Oct. 1, 2011, pp. 412-416.

Nakae, et al., “Recent developments in fast neutron detection and
multiplicity counting with liquid scintillator,” 2nd Japan IAEA
Workshop on Advanced Safeguards Technology for the Future
Nuclear Fuel Cycle, Nov. 10, 2009 through Nov. 13, 2009, Tokai,
Japan, LLNL Presentation, Publication Jan. 15, 2010, 11 pages.
Nieman et al., “Rapid Triplet Excitation Migration in Organic crys-
tals”, J. Chem. Phys., vol. 37, Issue 9, 1962 (published online Jul. 20,
2004), pp. 2150-2151.

Owen, R. B., “The decay times of organic scintillators and their
application to the discrimination between particles of different spe-
cific ionization”, L.R.E. Transactions on Nuclear Science, vol. 5,
Issue 3, Dec. 1958, pp. 198-201.

Phillips, et al., “Measurements of scintillation lifetimes”, Rev. Sci.
Instr., vol. 24, Issue 8, 1953 (published online Dec. 29, 2004), pp.
611-616.

Popov, et al., “Lithium glass scintillator neutron detector as an
improved alternative to the standard 3 he proportional counter,” In
Nuclear Science Symposium Conference Record (NSS/MIC), 2010
IEEE, pp. 1819-1822.

Ross et al., “A new liquid scintillator for thermal neutron detection,”
Nuclear Science and Engineering, vol. 20, Issue 1, Sep. 1964, pp.
23-27.

Runkle, et al., “Securing special nuclear material: Recent advances in
neutron detection and their role in nonproliferation,” J. Appl. Phys.,
vol. 108, Issue 11, Dec. 7, 2010, p. 111101-1-111101-21.
Swiderski et al., “Boron-10 loaded BC523A liquid scintillator for
neutron detection in the border monitoring,” Nuclear Science, IEEE
Transactions, vol. 55, Issue 6, 2008, pp. 3710-3716.

Swiderski et al., “Further study of boron-10 loaded liquid scintilla-
tors for detection of fast and thermal neutrons.” Nuclear Science,
IEEE Transactions vol. 57, Issue 1, Feb. 1, 2010, pp. 375-380.
Szczesniak, T., et al. “Light pulse shapes in liquid scintillators origi-
nating from gamma-rays and neutrons,” Nuclear Science, IEEE
Transactions, vol. 57, Issue 6, Dec. 2010, pp. 3846-3852.

Syntfeld, et al., “/sup 6/Lil (Eu) in neutron and/spl gamma/-ray
spectrometry-a highly sensitive thermal neutron detector,” Nuclear
Science, IEEE Transactions, vol. 52, Issue 6, Dec. 2005, pp. 3151-
3156.

Wang et al., “A feasibility study of boron-loaded liquid scintillator for
the detection of electron anti-neutrinos,” Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrom-
eters, Detectors and Associated Equipment, vol. 432, Issue 1, Aug. 1,
1999, pp. 111-121.

Winyard, et al., “Pulse shape discrimination in inorganic and organic
scintillators”, Nucl. Instr. and Meth., vol. 95, Issue 1, 1971, pp.
141-153.

Wright, et al., “Scintillation Decay Times of Organic Crystals”, Proc.
Phys.Soc.,Section B, vol. 69, Issue 3, Mar. 1, 1956, pp. 358-372.
Zaitseva et al., “Growth and properties of Lithium Salicylate single
crystals,” Cystal Growth & Design, Lawrence Livermore National
Laboratory, Feb. 25, 2009, 14 pages.

Zaitseva et al., “Pulse shape discrimination in impure and mixed
single-crystal organic scintillators”, IEEE Trans. Nucl. Sci., vol. 58,
Issue 6, Apr. 26, 2011, 35 pages.

Zaitseva, et al., “Rapid growth of large-scale (40-55 cm) KH2PO4
Crystal,” Journal of Crystal Growth, vol. 180, Issue 2, Dec. 1997, pp.
255-262.

Notice of Allowance from U.S. Appl. No. 14/253,754, dated Aug. 17,
2015.

Final Office Action from U.S. Appl. No. 13/471,259, dated Nov. 12,
2015.

Notice of Allowance from U.S. Appl. No. 14/253,754, dated Dec. 3,
2015.

Notice of Allowance from U.S. Appl. No. 14/253,754, dated Jan. 11,
2016.

* cited by examiner



U.S. Patent Apr. 12, 2016 Sheet 1 of 10 US 9,309,456 B2

S\

relaxation

migration A S,
AR TERT ,
T prompt
%ﬁ%ﬁiﬁﬁf&é fluorescence
fluorescenceg S, =S, +hv
Scattered
Neu‘imﬁ
!ncnmxng Tg + T»; . 31 + Sg
Neutron S‘i emmm— Sg + hV
Hydrogen .
Nugcleus Recozﬁ
Froton
FIG. 1

{prior art)



U.S. Patent Apr. 12, 2016 Sheet 2 of 10 US 9,309,456 B2

Population

i & 100 1503 200 250 300
Time {ns)
FIG. 2A
{prior art)

-

o0 3
%
oo

= &
P o

i!i?iiii!i{i

Ratio of Charge Q /Q
&

ot
goe:

&4

7500 8060 ms wa&zzf m}fm &2{33@ 13:3&@

FiG. 2B
{prior art)



U.S. Patent Apr. 12,2016 Sheet 3 of 10 US 9,309,456 B2

S 308

302

208
FIG. 3

300




US 9,309,456 B2

Sheet 4 of 10

Apr. 12,2016

U.S. Patent

g9 "Dld
eated] ﬁ \h.ﬁuﬁ Mu
§0 10 00 50 Y0 €0 0 1g  on
t ‘. $ } ¢ —— 4 ; O
404 ; +05 &
+001 4001 &
+051 4051 mw.
4002 Jooz &
12T = W04 o 408z 2 = WO Yogz
L-Z0-6¢P 1 PInbrt uaky m e asd e o
TooE IOTERRUING DBl el TH0E
A5 446
Yy "Old
wibep asiy
000Z1 DOO0L 0008 D0OY 0O0F 0002 © QoOB 0009 O00Y 0008 o -
b ¥ + ¥ 4 $ L % + % ' 3 L0 w
400 400 &
i L
+i0 -+ 10 =
. " B
TZo 120§
+£°0 1€0 B
50 ~+¥0 ww
SUBYMS T80 OSd Y 450 7
+90 Jojeliung oseld muelio -+ 90
RPN = L0




US 9,309,456 B2

Sheet 5 of 10

Apr. 12,2016

U.S. Patent

S 'Old

BRIy gy REATMOET g T g
$9¥9 €00 K0 0 1O ¥0 £0Z0 10 0 10 vO £020 10 0 10 ¥0 £020

00 v

MU T 45 ORIN R0 13 Usonier ool L 20039 b0
it | £13 ) ; :
Cheded %% MO Y Y Dreded BOUD DY % Cided B00 15 ey 2 JHRO0 BISAR Ol :

siditridsbiiist snia b i ai iisidissafsrsaf sy afea st n cs By

ihisdadddastasiidisiitansis Passadirsadsisibasesd siphesay
,.~. EESREREE TR NS Ja wq u.nm.ww.wuda..w::.m ..:n.. FRERES 4 R A m.ﬁwﬁawwu!: SR SR R :
3 EH Mw 3 ¢ it 3 3
- DO FER DR : MBI TV 0 ¢ i R i1 mﬁ?ﬁ&m YOIV G
Wi %00 P " VAl e D by 3 Wl m&m Zpobry ﬁmﬁu %mmmw
AR RS SR LR IS ST E R LR sihidisaidiiiibisiibitiatiiiittiiantiiisisnastiiisds PR TR i issatas SR

TR BN

TR NG




US 9,309,456 B2

Sheet 6 of 10

Apr. 12,2016

U.S. Patent

9 "Old

s Y ﬁw“g § wg £ wﬁ

§0 Y0 £C T8 VD 0G0 YD €0 w0 10 @

K
M 1 ﬁ 100k
oar Gost

G
aaxs eyskio aifuig |

sy e od JOBE

weern JUEER

axe g g

EI . D0

1 svomee - wo ir CHDFER L - Wi

SAD Areracens -+ onseid Ol 11 9Ap Ampuones oy e Ol
w b B s o A 5 i s 4@%&




US 9,309,456 B2

Sheet 7 of 10

Apr. 12,2016

U.S. Patent

gl '9ld

{aast a@%%

Vi'Old

oE ey

ooy

Wy aiy

v
L3
;
>
H
<«
b
<
.
“ b3
..w
" I 3
% K
% e w/
P
& . ;
¥
b
3

JEIIL T

J

»
4
b
<
<

.

. | §
% v, 3 % F
p PRI Y

%

4

Yedll 820 + Oaded %08

Caa mmm —

R

an
e oo T

P kel

oo

QUUDZ_QUOSL 0000

"

gt
e
el

e

ey
W
T

5
et Apsusng

{,

o
fud
o3

"
i@y




U.S. Patent Apr. 12,2016 Sheet 8 of 10 US 9,309,456 B2

e
3

o e o
3
:

o r LAPA

1 s PR

PRD Figure of Merit
e
:

= 049 o DPA
S

* PPO

g f L ipad ¥ R EREE - ; [ i
1 10 10° ;{}'3‘
Dye concentration {umolefg xylene solution)

FIG. 8



U.S. Patent Apr. 12,2016 Sheet 9 of 10 US 9,309,456 B2

LR 15 PO

84 SES PR

L5 - LI Hrsisid EI LI Fns - E S :
O OHH B0 300 400 S00 SO0 T O 10U 200 300 400 500 S0 100
Energy keVes) Energy (kevee]

FIG. 8

BRO concentration {wt.

b

PPO contentration (umoleig plastic



U.S. Patent Apr. 12, 2016 Sheet 10 of 10 US 9,309,456 B2

Place a precursor mixiure in & heating vessel

!

‘ ) . 1104
Heat the precursor mixture untid a
polymerization process is complete

1102

FIG. 11



US 9,309,456 B2

1
PLASTIC SCINTILLATOR WITH EFFECTIVE
PULSE SHAPE DISCRIMINATION FOR
NEUTRON AND GAMMA DETECTION

RELATED APPLICATIONS

This application claims priority to provisional U.S. patent
application No. 61/476,071 filed on Apr. 15, 2011, which is
herein incorporated by reference.

The United States Government has rights in this invention
pursuant to Contract No. DE-AC52-07NA27344 between the
United States Department of Energy and Lawrence Liver-
more National Security, LLC for the operation of Lawrence
Livermore National Laboratory.

FIELD OF THE INVENTION

The present invention relates to spectroscopy, and more
particularly to spectroscopy materials, systems and methods.

BACKGROUND

Radioactive materials are often detected and identified by
measuring gamma-rays and/or neutrons emitted from the
materials. The energy of gamma-rays is specific to that par-
ticular material and acts as a “finger print” to identify the
material. Similarly, neutron energy is particular to the mate-
rial, and may be used to identify the material. Of very high
value are detectors capable of identifying the distinctive time-
correlated signatures corresponding to neutrons and gammas
emitted by fissioning material from within a background of
uncorrelated natural radiation. A detector capable of distin-
guishing neutrons from gammas, as well as offering a fast
response time typically has better capability for detecting the
distinctive time-correlated events indicative of the presence
of fissioning nuclei.

The ability to detect gamma rays and/or neutrons is a vital
tool for many areas of research. Gamma-ray/neutron detec-
tors allow scientists to study celestial phenomena and diag-
nose medical diseases, and they have been used to determine
the yield in an underground nuclear test. Today, these detec-
tors are important tools for homeland security, helping the
nation confront new security challenges. The nuclear non-
proliferation mission requires detectors capable of identify-
ing diversion of or smuggling of nuclear materials. Govern-
ment agencies need detectors for scenarios in which a
terrorist might use radioactive materials to fashion a destruc-
tive device targeted against civilians, structures, or national
events. To better detect and prevent nuclear incidents, the
Department of Energy (DOE) and the Department of Home-
land Security (DHS) are funding projects to develop a suite of
detection systems that can search for radioactive sources in
different environments.

One particularly useful type of radiation detection, pulse
shape discrimination (PSD), which is exhibited by some
organic scintillators, involves subtle physical phenomena
which give rise to the delayed luminescence characteristic of
neutrons, providing a means of distinguishing neutrons from
the preponderance of prompt luminescence arising from
background gamma interactions. The mechanism by which
this occurs begins with the excitation process which produces
excited singlet (S1) and excited triplet (T1) states nonradia-
tively relaxes to the configuration, as shown in FIG. 1. In FIG.
1, the basic physical processes leading to the delayed fluo-
rescence characteristic of neutron excitation of organics with
phenyl groups is shown.

10

15

20

25

30

35

40

45

50

55

60

65

2

Since the triplet is known to be mobile in some compounds,
the energy migrates until the collision of two triplets collide
and experience an Auger upconversion process, shown as
Equation 1:

T1+7,—=So+S, Equation 1

In Equation 1, T1 is a triplet, S, is the ground state, and S,
is a first excited state. Finally, the delayed singlet emission
occurs with a decay rate characteristic of the migration rate
and concentration of the triplet population, which is repre-
sented as Equation 2:

S1—=Sothv Equation 2

In Equation 2, hv is fluorescence, while S is the ground
state and S, is a first excited state. The enhanced level of
delayed emission for neutrons arises from the short range of
the energetic protons produced from neutron collisions
(thereby yielding a high concentration of triplets), compared
to the longer range of the electrons from the gamma interac-
tions. The resulting higher concentration of triplets from neu-
trons, compared to gamma interactions, leads to the function-
ality of PSD. The observation of PSD is believed to be in part
related to the benzene ring structure, allowing for the migra-
tion of triplet energy.

FIG. 2A shows a typical plot of logarithmic population
versus linear time (ns) for stilbene. Population is the singlet
excited state population, which is proportional to the output
of light from a test crystal under examination, in this case a
stilbene crystal, after the crystal it is excited by high energy
radiation. As can be seen from the plot, some light is produced
by the crystal almost immediately, referred to as prompt lumi-
nescence, and other light is produced from the crystal over a
period of time, referred to as delayed luminescence. Gener-
ally, the plot for each type of radiation will have a steep
component 202 and a tail component 204, where the difter-
entiation point 206 between the two is defined in the region
where the slope of the line changes dramatically. In this
example, the steep component 202, tail component 204, and
differentiation point 206 for the Neutron curve is labeled.
Note that the steep component, tail component, and differen-
tiation point for the Gamma curve is different for stilbene, and
other compounds which possess good PSD properties. Com-
pounds which do not possess good PSD properties will gen-
erally not have substantial differences in the curves plotted for
Gamma and Neutron radiation. The upper line in the plot
shown in FIG. 2A is a Neutron-induced scintillation pulse
shape, while the lower line is a Gamma-induced scintillation
pulse shape. As can be seen, stilbene is able to differentiate
between the Neutron and Gamma pulse shapes, and produces
noticeably different luminescence decay lineshapes for each
radiation type. However, not every compound has this ability
to separate between Gamma and Neutron pulse shapes, and
therefore compounds which do are very useful for PSD, as
Gamma and Neutron luminescence decay plots have different
pulse shapes for these compounds.

Once the population versus time plot has been determined
for each test crystal under examination, if it appears that there
is PSD for the crystal type, the area (Qg) under the tail com-
ponent of the curve for each type of radiation is calculated,
along with the area (Q) under the entire line for each type of
radiation. By dividing the total area (Qy) into the tail area
(Qs), a scatter plot of the ratio of charge versus the pulse
height can be produced, as shown in FIG. 2B for stilbene.
FIG. 2B shows a plot of the ratio of charge (Q/Q) versus the
pulse height, which correlates to an output of a light detector,
such as a photomultiplier tube. The x-axis represents the
pulse height, which is proportional to the energy of the event.
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Gamma events correspond to light produced by Compton
electrons generated in the detector material. Neutron events
correspond to proton recoils in the detector material; lower
energy proton recoil events correspond to “glancing angle”
interactions between the neutron and proton in the detector
material, while a high energy “knock-on” interaction between
a neutron and a proton will produce a higher energy event.

Referring to FIG. 2B, at hv equal to about 1600V, conven-
tional scintillators utilizing stilbene exhibit a neutron-to-
gamma (n°/y) separation S of about 0.132. The greater the
separation S of neutron-to-gamma, the better PSD perfor-
mance can be expected.

It is with these scatter plots that good PSD separation can
be determined, which is defined as PSD separation, S, which
is the gap between the mean ratio of charge (Q4/Qy) for
Gamma and the mean ratio of charge (Q4/Qy) for Neutron
taken over an extended period of time. The higher this sepa-
ration, S, is, the better the compound is at PSD separation.

It is generally accepted in the prior art that stilbene offers
good PSD. However, stilbene, generally grown from melt, is
difficult to obtain. Therefore, a number of other organic mol-
ecules have been examined Unfortunately, most research in
this area has concluded that many known liquid and solid
materials, including many compounds having benzene rings,
do not possess PSD properties comparable to single-crystal
stilbene. Despite the difficulty in identifying compounds with
suitable PSD properties, the inventors previously succeeded
in demonstrating several exemplary compounds with suitable
PSD properties and capable of being grown from solution,
including 1-1-4-4-tetraphenyl-1-3-butadiene; 2-fluorobiphe-
nyl-4-carboxylic acid; 4-biphenylcarboxylic acid; 9-10-
diphenylanthracene; 9-phenylanthracene; 1-3-5-triphenyl-
benzene; m-terphenyl; bis-MSB; p-terphenyl;
diphenylacetylene; 2-5-diphenyoxazole; 4-benzylbiphenyl;
biphenyl; 4-methoxybiphenyl; n-phenylanthranilic acid; and
1-4-diphenyl-1-3-butadiene.

Moreover, crystals such as stilbene, generally grown from
melt, are difficult to obtain. Therefore, organic liquid scintil-
lator cocktails comprised of an aromatic solvent, such as
toluene, a primary and a secondary fluor, have been devel-
oped and are commercially available, however, liquid scintil-
lators do not exhibit PSD properties comparable to single-
crystal stilbene, and are also hazardous to field, because these
compounds typically include flammable, toxic, and other-
wise hazardous materials that limit application to sensitive
environments such as aviation, military applications, medical
applications, and etc. Moreover, the above crystals, especially
when grown from solution, tend to be relatively fragile, mak-
ing safe and efficient transport difficult.

Accordingly, it would be beneficial to provide organic
materials comparable to or better than stilbene in relation to
PSD properties for neutron radiation detection, but in a form
that is easier to fabricate into large monoliths which are
durable, and which do not introduce hazardous material into
the radiation detection process.

SUMMARY

In one general embodiment, a scintillator material includes
a polymer matrix; and a primary dye in the polymer matrix,
the primary dye being a fluorescent dye, the primary dye
being present in an amount of 5 wt % or more; wherein the
scintillator material exhibits an optical response signature for
neutrons that is different than an optical response signature
for gamma rays.

In another general embodiment, a scintillator material
includes a polymer matrix; and a primary dye in the polymer
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matrix, the primary dye being a fluorescent dye, the primary
dye being present in an amount greater than 10 wt %.

Other aspects and embodiments of the present invention
will become apparent from the following detailed descrip-
tion, which, when taken in conjunction with the drawings,
illustrate by way of example the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a mechanism for delayed photoluminescence
according to the prior art.

FIG. 2A shows a plot of Population versus Time for stil-
bene according to the prior art.

FIG. 2B shows a plot illustrating PSD separation of stil-
bene according to the prior art.

FIG. 3 shows a simplified schematic layout of a system that
may use crystals described herein, according to one embodi-
ment.

FIG. 4A shows a comparative graphical representation of
gamma/neutron separation plotted according to charge ratio
versus pulse height for an organic plastic scintillator and
stilbene, according to one embodiment.

FIG. 4B shows a comparative graphical representation of
integrated gamma/neutron separation plotted for an organic
plastic scintillator with FOM 3 and an Eljen liquid with FOM
2.21, according to one embodiment.

FIG. 5 shows a comparative graphical representation of
integrated gamma/neutron separation plots for organic plastic
scintillators utilizing different phases and/or concentrations
of 2,5-diphenyl oxazole (PPO) and diphenyl anthracene
(DPA), according to various embodiments.

FIG. 6 shows a plot comparing integrated gamma/neutron
separation for scintillator systems including a plastic scintil-
lator and a primary fluor, a plastic scintillator, a primary fluor
and a secondary fluor, an Eljen liquid, and a stilbene crystal,
according to various embodiments.

FIG. 7A shows a plot of signal intensity versus pulse inte-
gral for an organic plastic scintillator employing 30% 2,5-
diphenyl oxazole (PPO) as a primary fluor versus an organic
plastic scintillator employing 30% 2.5-diphenyl oxazole
(PPO) as a primary fluor and 0.2% diphenyl anthracene
(DPA) as a secondary fluor.

FIG. 7B shows a plot of photoluminescence intensity ver-
sus wavelength for an organic plastic scintillator employing
30% 2,5-diphenyl oxazole (PPO) as a primary fluor versus a
scintillator employing 30% 2,5-diphenyl oxazole (PPO) as a
primary fluor and 0.2% diphenyl anthracene (DPA) as a sec-
ondary fluor.

FIG. 8 shows a plot of PSD characteristics versus fluor
concentration for PPO and DPA solubilized in xylene solu-
tion, according to one embodiment.

FIG. 9 depicts experimental PSD patterns showing
increase of neutron-gamma peak separation at increasing
PPO concentration in a polyvinyl toluene (PVT) polymer
matrix, according to one embodiment.

FIG. 10 is a plot depicting general dependence of neutron-
gamma separation measured in the whole range of concen-
trations up to the limit of the PPO solubility.

FIG. 11 is a flowchart of a method, according to one
embodiment.

DETAILED DESCRIPTION

The following description is made for the purpose of illus-
trating the general principles of the present invention and is
not meant to limit the inventive concepts claimed herein.
Further, particular features described herein can be used in
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combination with other described features in each of the
various possible combinations and permutations.

Unless otherwise specifically defined herein, all terms are
to be given their broadest possible interpretation including
meanings implied from the specification as well as meanings
understood by those skilled in the art and/or as defined in
dictionaries, treatises, etc.

It must also be noted that, as used in the specification and
the appended claims, the singular forms “a,” “an” and “the”
include plural referents unless otherwise specified. The term
“about” as used herein refers to £10% of the denoted value,
unless otherwise noted herein.

The description herein is presented to enable any person
skilled in the art to make and use the invention and is provided
in the context of particular applications of the invention and
their requirements. Various modifications to the disclosed
embodiments will be readily apparent to those skilled in the
art upon reading the present disclosure, including combining
features from various embodiment to create additional and/or
alternative embodiments thereof.

Moreover, the general principles defined herein may be
applied to other embodiments and applications without
departing from the spirit and scope of the present invention.
Thus, the present invention is not intended to be limited to the
embodiments shown, but is to be accorded the widest scope
consistent with the principles and features disclosed herein.

Unless otherwise noted herein, all percentage values are to
be understood as percentage by weight (wt %). Moreover, all
percentages by weight are to be understood as disclosed in an
amount relative to the bulk weight of an organic plastic scin-
tillator material, in various approaches.

The following description describes several embodiments
relating to the use of the fabrication of polymer scintillator
materials with distinctively different scintillation pulse
shapes resulting from neutron and gamma excitation, respec-
tively.

Traditionally, gamma excitation in the conventional
organic plastic scintillator materials using conventional fluor
concentrations in the range of about 0.1-5 wt % fluor have
exhibited low excitation density, and weak delayed lumines-
cence. Thus, the ability to distinguish high-energy neutron
radiation from gamma radiation has previously been achiev-
able only with liquid scintillators, which are difficult to field,
and organic single crystals, which can be fragile and difficult
to produce in very large volumes.

Accordingly, the inventive approaches detailed in the
present disclosures have not been demonstrated in the past,
presumably since very few fluors are soluble at >5 wt % in a
polymer matrix. Indeed, the traditional polymer scintillator
materials have been limited to including fluors in concentra-
tions which demonstrably lack PSD characteristics, discour-
agingly suggesting that organic plastic polymer materials
would be unsuitable for use as a scintillator material capable
of exhibiting PSD characteristics.

However, the inventors of the presently disclosed scintil-
lator have surprisingly discovered that in some embodiments,
loading an organic plastic polymer material with high con-
centrations of fluors, (=10 wt %) results in sufficient migra-
tion of triplet excitation within the material that the higher
excitation density produced by neutron-induced proton recoil
results in delayed singlet luminescence from triplet-triplet
annihilation. Without wishing to be bound to any particular
theory, it is speculated that loading an organic plastic scintil-
lator material with =10 wt % of a primary fluor and <1 wt %
of a secondary fluor with better spectral match to standard
photomultipliers may produce an even more effective pulse
shape discrimination material. Thus, the use of plastic scin-
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tillator material for this application enables passive detection
of high-energy neutron radiation as distinguishable from
gamma radiation, as well as active interrogation methods,
according to various approaches.

In particular, recent studies conducted with organic crys-
tals showed that the main reason for the absence of PSD in
mixed systems results from the excitation traps formed by a
lower-band-gap fluorescent impurity (fluor) present in the
host material (solvent) at low concentration. Moreover,
increasing the concentration of the fluor can provide condi-
tions suitable for formation of a network for excitation energy
migration and triplet annihilation, and may lead to the appear-
ance of PSD comparable to that typical for pure single crys-
tals of the fluor, in various approaches.

The present disclosure introduces the results of studies
conducted with mixed liquid and plastic scintillating systems.
Analysis of the results shows that explanations of the condi-
tions leading to the formation of PSD in crystals and liquids
can be similarly applied to the mixed plastic systems. The
properties of the exemplary plastics scintillators fabricated
with efficient neutron/gamma discrimination are discussed in
comparison with commercially available liquid and single
crystal organic scintillators.

In one general embodiment, a scintillator material includes
a polymer matrix; and a primary dye in the polymer matrix,
the primary dye being a fluorescent dye, the primary dye
being present in an amount of 5 wt % or more; wherein the
scintillator material exhibits an optical response signature for
neutrons that is different than an optical response signature
for gamma rays.

In another general embodiment, a scintillator material
includes a polymer matrix; and a primary dye in the polymer
matrix, the primary dye being a fluorescent dye, the primary
dye being present in an amount greater than 10 wt %.

General Scintillator-Based Radiation Detector System

FIG. 3 depicts a simplified spectroscopy system according
to one embodiment. The system 300 comprises a scintillator
material 302, such as of a type described herein, and which is
referred to herein interchangeably as a scintillator. The sys-
tem 300 also includes a photodetector 304, such as a photo-
multiplier tube or other device known in the art, which can
detect light emitted from the scintillator 302, and detect the
response of the material to at least one of neutron and gamma
ray irradiation.

The scintillator 302 produces light pulses upon occurrence
of'an event, such as a neutron, a gamma ray, or other radiation
engaging the scintillator 302. As the gamma ray, for example,
traverses the scintillator 302, photons are released, appearing
as light pulses emitted from the scintillator 302. The light
pulses are detected by the photodetector 304 and transduced
into electrical signals that correspond to the pulses. The type
of radiation can then be determined by analyzing the integral
of the light pulses and thereby identifying the gamma ray
energy absorbed by the scintillator.

In some embodiments, the system 300 may be, further
comprise, or be coupleable/coupled to, a processing device
306 for processing pulse traces output by the photodetector
304. In other embodiments, the system 300 may include a
processing device that receives data from a photodetector that
is not permanently coupled to the processing device. Illustra-
tive processing devices include microprocessors, field pro-
grammable gate arrays (FPGAs), application specific inte-
grated circuits (ASICs), computers, etc.

The result of the processing may be output and/or stored.
For example, the result may be displayed on a display device
308 in any form, such as in a histogram or derivative thereof.
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The program environment in which one embodiment of the
invention may be executed illustratively incorporates one or
more general-purpose computers or special-purpose devices
such hand-held computers. Details of such devices (e.g., pro-
cessor, memory, data storage, input and output devices) are
well known and are omitted for the sake of clarity.

It should also be understood that the techniques of the
present invention might be implemented using a variety of
technologies. For example, the methods described herein
may be implemented in software running on a computer
system, or implemented in hardware utilizing one or more
processors and logic (hardware and/or software) for perform-
ing operations of the method, application specific integrated
circuits, programmable logic devices such as Field Program-
mable Gate Arrays (FPGAs), and/or various combinations
thereof. In particular, methods described herein may be
implemented by a series of computer-executable instructions
residing on a storage medium such as a physical (e.g., non-
transitory ) computer-readable medium. In addition, although
specific embodiments of the invention may employ object-
oriented software programming concepts, the invention is not
so limited and is easily adapted to employ other forms of
directing the operation of a computer.

Portions of the invention can also be provided in the form
of'a computer program product comprising a physical com-
puter readable medium having computer code thereon. A
computer readable medium can include any physical medium
capable of storing computer code thereon for use by a com-
puter, including optical media such as read only and writeable
CD and DVD, magnetic memory or medium (e.g., hard disk
drive), semiconductor memory (e.g., FLASH memory and
other portable memory cards, etc.), etc.

Polymer

The inventive organic plastic scintillator system as encom-
passed by the present disclosures may include any suitable
polymer as the plastic component. Particularly suitable are
rigid, durable, transparent plastics, possessing an aromatic
struction consisting of pi-conjugated rings, and capable of
supporting high concentrations of primary, secondary, ter-
tiary, and etc. fluors, e.g. with a total concentration in the
range of about 5-75 wt % fluor, according to some embodi-
ments. In a preferred embodiment, the organic plastic com-
ponent may include a polymer comprising polyvinyltoluene
(PVT). In other embodiments, similar polymers may be uti-
lized, such as polystyrene (PS), polyvinyl xylene (PVX),
polymethyl, 2,4-dimethyl, 2,4,5-trimethyl styrenes, polyvi-
nyl diphenyl, polyvinyl naphthalene, polyvinyl tetrahy-
dronaphthalene polymers, other complex aromatic polymers,
and certain non-aromatic polymers capable of solubilizing
high fluor concentrations, etc. as would be understood by one
having ordinary skill in the art upon reading the present
descriptions.

As described herein, suitable polymers may be preferably
atleast 95% light transmissive in a wavelength of interest, e.g.
a wavelength emitted by one or more fluors present in the
organic plastic scintillator system, in some embodiments.

Moreover, the polymer may be provided as a liquid poly-
mer matrix, a non-liquid polymer matrix, a dry powder, etc. as
would be understood by one having ordinary skill in the art
upon reading the present descriptions. Moreover, in various
approaches the polymer matrix may include aromatic func-
tional groups, such as phenyl groups, among others.

Fluors

Primary fluors suitable for use in the presently disclosed
scintillator system include any fluor as known in the art and
capable of exhibiting characteristics of pulse-shape discrimi-
nation as described herein. Moreover, the primary fluor of the
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exemplary organic plastic scintillator system is present in
high concentration, e.g. about 5 wt % or more, in one embodi-
ment. In preferred embodiments, the primary dye may be
present in an amount of 20 wt % or more, and in particularly
preferred embodiments, the primary dye may be present in an
amount ranging from about 20 wt % to about 75 wt % or an
amount ranging from about 30 wt % to about 75 wt %. As
discussed herein, the concentrations of fluor are described
relative to a weight of the bulk scintillator material, in various
embodiments.

In one particular embodiment, a scintillator system may
include a polymer matrix and a primary fluor disposed in the
polymer matrix. Moreover, the primary fluor may be a fluo-
rescent dye present in an amount of 5 wt % or more, and such
fluorescent dye results in the scintillator material exhibiting
an optical response signature for neutrons that is different
than an optical response signature for gamma rays.

Accordingly, where primary fluors are present in high con-
centration in the exemplary organic plastic scintillator sys-
tem, a corollary principle is that the solubility of the fluor in
the polymer is preferably high. In one embodiment, for
example, the polymer may be characterized by having a solu-
bility of about 5 wt % or more with respect to a particular
fluor.

Moreover, in some approaches the primary fluor may
include multiple dyes. In further approaches the primary fluor
may include multiple fluorescent dyes.

Moreover still, primary fluor may be incorporated into the
polymer according to any suitable mechanism. For example,
in one embodiment the primary fluor may be suspended in the
polymer matrix and dispersed to an approximately uniform
distribution. In other embodiments, the primary fluor may be
crosslinked to the polymer matrix. In still other embodiments,
the primary fluor may be copolymerized with the polymer
matrix, and/or with another component of the polymer
matrix, etc. as would be understood by one having ordinary
skill in the art upon reading the present descriptions. Of
course, other arrangements of fluor and polymer matrix may
be utilized without departing from the scope of the present
descriptions.

The secondary fluor of the exemplary plastic scintillator
system is characterized by wavelength-shifting qualities,
such that in the presence of another fluor, particularly a pri-
mary fluor present in high concentration in a plastic scintil-
lator system, PSD characteristics of the plastic scintillator
system with the primary fluor and the secondary fluor in
combination are superior to PSD characteristics of a plastic
scintillator system having the same primary fluor exclusively
present in high concentration, according to one embodiment.

Suitable secondary fluors include any fluor characterized
by wavelength-shifting as described herein, and several
exemplary embodiments may utilize secondary fluors such as
diphenyl anthracene (DPA), tetraphenyl butadiene (TPB) 1,1,
4 4-tetraphenyl-1,3-butadiene, 1,4-Bis(5-phenyl-2-oxazolyl)
benzene (POPOP), p-bis(o-methylstyryl)benzene, 1,4-bis-2-
(4-methyl-5-phenyloxazolyl)benzene, 2,2'-p-phenylenebis
(5-phenoxazole), diphenylstilbene; 1,3,5-triaryl-2-
pyrazolines, 4-(n-butylamino)-2-(4-methoxyphenyl)benzo
[blpyrylium perchlorate, sodium salicylate, 1,4-bis(2-
methylstyryl)benzene  (Bis-MSB), 7-dimethylamino-4-
methyl-2-quinoline,  7-amino-4-methylcoumarin,  4,6-
dimethyl-7-ethylamino coumarin, etc. as would be
understood by one having ordinary skill in the art upon read-
ing the present descriptions. Particularly preferred secondary
fluors include DPA, TPB, POPOP, and Bis-MSB according to
one embodiment.
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Regarding the concentration of the secondary fluor, as
described herein the exemplary organic plastic scintillator
system may include secondary fluor in a low concentration in
order to maximize the beneficial wavelength-shifting effects
on PSD performance. For example, in one embodiment the
secondary fluor may be present in an amount of about 2 wt %
or less. As described herein, secondary fluors may be present
in an amount described relative to a weight of the bulk scin-
tillator material.

Particularly impressive PSD values have surprisingly been
obtained with a plastic scintillator embodiment including
polyvinyl toluene (PVT) with ~30% 2,5-diphenyl oxazole
(PPO) as primary fluor and 0.5% diphenyl anthracene (DPA),
as secondary fluor, according to one embodiment. Particu-
larly surprising is the solubility of PPO in the PVT polymer,
which allows for excellent PSD characteristics described
herein.

One preferred embodiment of a PSD plastic can by formed
by combining: 0.1-1% Benzoyl peroxide (initiator), 30% 2,5-
diphenyl oxazole (PPO) as primary fluor, 0.2-0.5% diphenyl
anthracene (DPA), or tetraphenyl butadiene (TPB) as second-
ary fluor and balance vinyl toluene. The process of creating
the plastic corresponding to this embodiment may include:
adding the materials listed above to a container in a glovebox
under an N, atmosphere, such as a wide mouth glass jarin one
exemplary embodiment, placing the container in an oven at
80 C, and allowing the jar to sit in the oven undisturbed for
four days, after which it is cooled to room temperature in
ambient conditions. The resultant polymer is rigid, substan-
tially transparent and offers excellent scintillation properties
for pulse shape discrimination.

Scintillator Fabrication

Various embodiments may employ any known scintillator
material without departing from the scope of the present
disclosure. However, several preferred approaches for fabri-
cating scintillators with suitable PSD characteristics from
organic plastic are described below.

In one embodiment, liquid scintillator mixtures were fab-
ricated from anhydrous p-xylene (>99%), 2,5-diphenylox-
azole (PPO, 99%), and 9,10-diphenylanthracene (DPA,
>98%) in the oxygen-free atmosphere of a nitrogen-filled
glovebox. PPO was used as received. DPA was stirred for 0.5
h in warm acetone, collected by filtration, dried, and stored in
nitrogen atmosphere prior to sample preparations. The liquid
mixtures of required concentrations were transferred into
sealed 50 mmx10 mm cylindrical quartz cuvettes and subse-
quently used for further measurements.

In another approach, plastic scintillator mixtures were fab-
ricated as follows. Vinyl toluene was filtered through a chro-
matographic support material to remove inhibitor prior to
polymerization. Filtered vinyl toluene and an initiator, e.g.
benzoyl peroxide, were sparged with nitrogen for 40 minutes
and stored in sealed containers in a glovebox refrigerator at
-20 C. To conduct polymerization, required amounts of PPO
and DPA were weighed in a glovebox into 20 mL scintillation
vials, initiator (10-30 mg) and vinyl toluene were then added
to make up the final weight proportions of polymer parts. The
vials were tightly sealed, removed from the glovebox, and
placed in an oven at 80 C. Two hours later they were shaken
to ensure complete mixing, and then held at 80 C for a total of
96 hours. After cooling to room temperature the glass was
scored and broken with a mallet to remove the bare scintilla-
tor part.

Of course, the above fabrication methodologies are pro-
vided only by way of example, and organic plastic scintillator
systems comprising polymers other than PVT and/or fluors
other than DPA/PPO may be fabricated under similar condi-
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tions, but taking account for slight variations in various
approaches, e.g. to temperature, incubation time, amount of
respective components, etc. as would be understood by a
skilled artisan reading the present descriptions.

Furthermore, the present descriptions also encompass
methods for fabricating scintillator materials as described
herein, as particularly represented by FIG. 11, in various
approaches. FIG. 11 depicts a method 1100. As will be appre-
ciated by the skilled artisan reading the present descriptions,
the method 1100 may be performed in any environment,
including those depicted in FIGS. 1-10, among others.
Regardless of environment, the method 1100 is characterized
by operation 1102, where a scintillator precursor mixture is
placed in a heating vessel, and subsequently heated until a
polymerization process has completed in operation 1104. In
one embodiment, the scintillator precursor mixture is a com-
bination of about 60-95 wt % of a monomer, about 540 wt %
of a primary fluor, and about 0.1 wt % of a free radical
initiator. Any monomer capable of polymerizing and solvat-
ing the primary fluor in an amount ranging from about 5-40 wt
% may be employed in the exemplary fabrication process,
according to one embodiment and as would be understood by
one having ordinary skill in the art upon reading the present
descriptions.

In one particular embodiment, the fabrication process may
include combining about seven grams of vinyl toluene, about
2.94 grams of PPO, and about 0.01 grains of benzoyl peroxide
in a heating vessel, mixing the combination, and heating the
mixture at about 80° C. for approximately 96 hours.

In another embodiment, the fabrication process may
include combining about seven grains of vinyl toluene, about
2.94 grains of PPO, about 0.05 grams of DPA, and about 0.01
grams of benzoyl peroxide in a heating vessel, mixing the
combination, and heating the mixture at about 80° C. for
approximately 96 hours.

Notably, the solid structure may include any of the struc-
tures described herein, and the primary fluor may include any
fluor as described herein, according to some approaches.

EXPERIMENTAL RESULTS
Photoluminescence

Growth and characterization of mixed single crystals led to
an understanding of the mechanisms of excited state migra-
tion and interaction, prompting an exploration of composi-
tions of polymer scintillator with sufficient fluor to reach the
percolation threshold whereupon triplet excitation is able to
migrate and annihilate. Experiments with complex liquid
mixtures lead to findings that high loading with fluors helps
improve pulse shape discrimination (PSD) in such organic
scintillators as well. So far, the polymer scintillators offering
PSD exhibit a figure of merit (FOM) for PSD of ~3, compared
to >4 for certain single crystal organics, such as stilbene, etc.
This performance metric is already sufficient to distinguish
neutrons from gammas down to the few hundred keV/gamma
equivalent regime, and will be very useful for non-prolifera-
tion, homeland security and safeguards applications.

Photoluminescence (PL) spectra were measured under UV
excitation using a commercial Spex Fluoromax-2 spectrom-
eter. The scintillation light yield efficiency was evaluated
from the position of the Compton edge in the **”Cs spectra, in
which 480 keVee (electron-equivalent energy) was defined by
50% of'the Compton edge peak. Neutron detection properties
of samples were studied using a >>>Cf source shielded with 51
cm of lead, which reduced the gamma rates to the same order
of magnitude as neutrons, to irradiate liquid or plastic
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samples coupled to Hamamatsu R6231-100-SEL photomul-
tiplier tube (PMT). The signals collected at the PMT anode
were recorded using a 14-bit high-resolution waveform Com-
puScope 14200 digitizer with a sampling rate of 200 MS/s,
for offline analysis.

The ability of scintillators to discriminate between the
neutrons and gamma rays emitted from the >*2Cf source was
evaluated using the charge integration method. In particular,
waveforms were numerically integrated over two time inter-
vals: Atg,,,; and a subinterval At ., corresponding to the
total charge (Q,,,;) and the delayed component (Q,,;) of the
signal, respectively. The value of the ratio of charge R=Q ./
Qr; Tor the two time intervals indicated whether the con-
sidered event was likely produced by a neutron (high R value)
or a gamma ray (small R value). Quantitative evaluation of
PSD was made using Figures of Merit (FOM) as represented
in Equation 3, where S is the separation between gamma and
neutron peaks, and d,,,,,,,,,, and 0,,..,,,,.,, are the full width at
half maximum (FWHM) of the corresponding peaks, as
shown in FIG. 5, according to one embodiment.

FOM=S/(, O, cutron)

'gamma’

Equation 3

The experimental separation S was calculated as a difter-
ence between the mean delayed light fraction, (Q4,;/Qz..1)
for neutrons and gammas taken as a normal distribution in
PSD over a specified energy range. In total 40000 events were
collected for each scintillator sample, with approximately
20% of the statistics used for FOM calculation in the energy
range near the Compton edge.

A reasonable definition for well separated Gaussian distri-
butions of similar population sizes is shown in Equation 4,
below, where a is the standard deviation for each correspond-
ing peak.

o>3(o,

gamma

+0,

neutron)

Equation 4

Noting that where FWHM=2.36, a reference parameter
FOM=23(0,,ma+Onewron)2-36(Ogumma+Onersron) Was used
to define efficient PSD in the tested samples. The experimen-
tally determined efficiency value was =~1.27

One characteristic of the exemplary scintillator material
described herein is that the system exhibits an optical
response signature for neutrons that is different than an opti-
cal response signature for gamma rays, according to one
embodiment. In particular, the neutron optical response sig-
nature may be in the range of about 600-800 keV gamma
equivalent, according to one embodiment.

FIGS. 4A-4B, show examples of PSD patterns measured in
some organics with phenyl groups according to several
embodiments. FIG. 4A shows a comparison of the charge
ratio Q,/Q as exhibited by one embodiment of an organic
plastic scintillator as described in the present disclosures, and
a scintillator utilizing a stilbene crystal. As can be seen from
the figure, the inventors have successfully created organic
plastic scintillator embodiments that exhibit similar PSD
characteristics as single crystal systems employing stilbene
as the scintillating material. Accordingly, it is possible to
generate a more rigid and durable, scintillator material from
organic plastic while retaining the advantageous neutron and
gamma radiation separation characteristics of more expen-
sive and fragile alternatives such as liquid and single crystal
scintillators.

FIG. 4B depicts comparative FOM readings taken from an
exemplary organic plastic scintillator exhibiting PSD as
described herein and according to one embodiment as com-
pared to a FOM reading of a LLNL Eljen liquid scintillator,
according to one embodiment. When comparing FOM read-
ings from FIG. 4B, both of which used test samples of
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approximately the same volume, a clear improvement in the
FOM levels is apparent. Particularly, the FIG. 4B illustrates a
FOM reading of 3 taken from a LLNL plastic scintillator,
according to one embodiment. This FOM reading shows PSD
approaching the level of typical liquid and single crystal
organic scintillators, thus improving neutron/gamma dis-
crimination properties of both liquid and plastic scintillators
in the embodiments shown, among others within the scope of
the present descriptions.

The discovery that organic plastic scintillators are suitable
alternatives for more dangerous, expensive, burdensome, etc.
systems such as single crystal scintillators and liquid scintil-
lators led the inventors to experiment with a variety of poly-
mer and fluor candidates. With reference to FIG. 5, several
exemplary embodiments of organic plastic scintillators as
described herein are depicted according to FOM performance
of'various embodiments including different fluor(s) in arange
of concentrations, in some approaches.

As shown in FIG. 5, the top row of graphs represent mea-
surements that were taken from liquid scintillator systems
comprising diphenyl anthracene (DPA) as a fluor. Conversely,
the bottom row of graphs represent measurements that were
taken from scintillator systems comprising 2,5-diphenyl
oxazole (PPO) as a fluor. Each fluor exhibits characteristic
FOM as a crystal, shown in FIG. 5 as FOM=4.42 for DPA
crystal and FOM=1.76 for PPO crystal powder, respectively.

Moreover, as can be, seen from FIG. 5, fluor FOM gener-
ally decreases as a function of concentration in solution. For
example, a solution of about 2.2% DPA yields a FOM value of
about 3.79, according to one embodiment, while a solution of
about 0.05% DPA exhibits a FOM value of about 1.12,
according to another embodiment, and a solution of about
0.01% DPA exhibits a FOM value of about 0.58, according to
yet another embodiment.

Similarly, liquid solutions of PPO yield FOM values that
decrease as a function of PPO concentration. For example, as
shown in FIG. 5 a solution of about 37.5% PPO yields a FOM
value of approximately 3.26, while a solution of about 0.05%
PPOvyields a FOM value ofabout 1.52, and a solution of about
0.01% PPO yields a FOM value of about 0.71, according to
several embodiments.

Referring now to FIG. 6, a plot comparing integrated
gamma/neutron separation for scintillator systems including
a plastic scintillator and a primary fluor, a plastic scintillator,
a primary fluor and a secondary fluor, an Eljen liquid, and a
stilbene crystal is shown, according to various embodiments.

Panel A of FIG. 6 depicts PSD characteristics of an organic
plastic scintillator system including PPO as a primary fluor,
and no secondary fluor. As can be seen from the figure, this
system exhibits a FOM value of about 2.82, according to one
embodiment. Comparatively, panel B shows a similar system
comprising an organic plastic scintillator with a primary fluor
including PPO and further including a secondary fluor. As can
be seen from FIG. 6, this system exhibits superior FOM
values compared to the similar system lacking a secondary
fluor, and in one embodiment exhibits a FOM value of
approximately 3.31.

Further still, Panels C and D of FIG. 6 provide reference
points from which to compare the performance of the exem-
plary organic plastic scintillator systems as described herein
against the performance of liquid and single crystal stilbene
scintillator systems, respectively. As can be seen from the
figure, the liquid scintillator system shown in Panel C exhibits
a FOM value of approximately 3.21, while the single crystal
stilbene scintillator system shown in Panel D exhibits a FOM
value of about 4.70, according to some embodiments. Nota-
bly, the exemplary organic plastic scintillator system includ-
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ing PPO as a primary fluor and a secondary fluor outperforms
the liquid scintillator system in terms of FOM value, and
approximates the performance of the industry-standard single
crystal stilbene system. Accordingly, high quality PSD char-
acteristics may be imparted to modern scintillator systems
without incorporating expensive, fragile, and/or hazardous
materials of the conventional scintillator system.

Referring now to FIGS. 7A and 7B, the comparative effects
of'including multiple fluors in a scintillator crystal are shown,
according to one embodiment.

As may be seen particularly from FIG. 7A, a plastic scin-
tillator having, e.g. 30% w/v PPO as a primary fluoris capable
of neutron detection. Moreover, neutron detection may be
additionally improved by incorporating a low concentration
of a secondary fluor, where the secondary fluor is character-
ized by emitting photons of lower energy (longer wavelength)
than photons emitted by the primary fluor, according to one
embodiment.

As shown in FIG. 7B, embodiments of plastic scintillators
containing only the primary fluor PPO exhibit an emission
spectrum with a major peak near 360 nm. By contrast,
embodiments of plastic scintillators containing primary and
secondary fluor, such as DPA, exhibit emission spectra char-
acterized by a peak shift to a longer wavelength (lower
energy). Moreover, including a secondary fluor also results in
greater luminescence than in systems including only a pri-
mary fluor, according to one embodiment.

Moreover, including high concentrations of primary fluor
improves PSD behavior, but at higher concentrations disad-
vantageous self-absorption of emitted photons traps the light
and prevents its emission from the scintillator. In one
approach, including a secondary fluor with a lower emission
wavelength than the primary fluor shifts the energy of the
emitted photon and preventing unfavorable absorption
thereofby the primary fluor molecules. Preferably, secondary
fluor may be included in such low concentration that self-
absorption is negligible, thereby circumventing the disadvan-
tages inherent to high concentrations of a single fluor, accord-
ing to one embodiment.

Referring now to FIG. 8, the dependence of PSD on fluor
concentration is shown as measured in one embodiment
including PPO as a primary fluor and DPA as a secondary
fluor through the entire range of respective solubility in
xylene.

For both types of solutions, there is a region of very low
fluor concentrations (<1 umole/g solution, or ~0.02 wt. %)
with negligibly small PSD. Increasing the concentration leads
to a gradual enhancement of PSD which, despite the large
difference in the solubility, surprisingly exhibits a similar
slope for both fluors up to a molecular concentration of about
10 umole/g solution. It is further interesting to note that the
separation of the PSD curves unexpectedly occurs at a con-
centration corresponding to the maximum light yield for both
PPO and DPA (~10 umole/g), as particularly shown in panel
B of FIG. 8, according to one embodiment.

This decrease of the scintillation light efficiency at increas-
ing fluor concentration (concentration quenching) is ascribed
to the formation of excimers (S,S, ). Therefore, the separation
of the PSD curves may relate to different kinetics of these
processes for different types of the molecules. For example,
in one embodiment a rise in PSD to efficient values above a
concentration threshold as measured in DPA and PPO solu-
tions is similar to that observed in mixed crystal scintillation
systems, which exhibit PSD behavior according to the simple
model of energy transfer and triplet-triplet annihilation
shown in FIG. 1.
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Accordingly, at very small concentrations, excited singlet
states of the solute molecules still produce scintillation light,
while excited triplets behave more like energy traps, since
direct fluorescence from the triplets is effectively forbidden.

Meanwhile, at relatively large intermolecular distances
and low probability of collisions, e.g. in dilute solutions, fluor
molecules cannot interact, thus leading to quenched triplet
migration, recombination, and a resulting degradation, or
even worse, absence of PSD behavior. At the higher concen-
trations, increased probability of triplet-triplet collisions
leads to the enhancement of the delayed light and a rise of the
PSD above a certain concentration threshold corresponding
to the establishment of a continuous network of interacting
fluor molecules.

Several exemplary organic plastic scintillators with varied
fluor concentration were analyzed, and some results of sev-
eral exemplary embodiments are shown in FIG. 9. As evi-
denced by FIG. 9, a general trend is observable wherein
quality of separation between neutron radiation signals and
gamma radiation signals exhibits improved resolution with
increasing primary fluor concentration. For example, as
shown in FIG. 9 one embodiment of an organic plastic scin-
tillator system including only 1 wt % PPO as a primary fluor
exhibits no resolution of neutron and gamma radiation sig-
nals, respectively, and therefore is incapable of discriminat-
ing between the two as required for suitable PSD perfor-
mance. At about 6 wt % PPO, neutron radiation and gamma
radiation signals begin to resolve, but still insufficiently to
achieve desirable PSD characteristics, according to some
embodiments.

In some approaches, true separation between neutron
radiation and gamma radiation signals can be seen at primary
fluor concentrations of about 10 wt %, and improve with
increased primary fluor concentration to about 15 wt %, as
shown in FIG. 9, according to one embodiment. Moreover,
separation continues to improve with increasing primary
fluor concentration, and signals are completely distinguish-
able according to one embodiment including about 30 wt %
primary fluor. Of course, further increases in primary fluor
concentration may be expected to further increase signal
separation and hence PSD performance, but the inventors
have observed that primary fluor concentrations above about
75 wt % may exhibit inhibitory effects on signal resolution
and PSD performance. Accordingly, primary fluor concentra-
tions in a range of about 10 wt % to about 75 wt % relative to
the bulk weight of the scintillator material are preferred, in
some approaches.

FIG. 10 further depicts the generally observed relationship
between fluor concentration and PSD performance with par-
ticular reference to fraction of delayed light for both neutron
and gamma radiation, according to one embodiment. As can
be seen from FIG. 10, organic plastic scintillators as
described herein and utilizing PPO as a primary fluor exhibit
a direct relationship between PPO concentration and amount
of delayed light, whether from gamma or neutron radiation.
Accordingly, FOM values and corresponding PSD character-
istics also improve with increasing primary fluor concentra-
tion, in some embodiments.

Accordingly, the fixed position of molecules in a polymer
matrix indicate advantageous performance where the concen-
tration of a fluor required for efficient PSD is closer to that in
mixed crystals rather than in liquid solutions, in various
approaches.

Digital Processing for Pulse Shape Discrimination

In one digital processing approach, signals corresponding
to a subset of the events are selected and processed.
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Yet another approach includes processing two or more
integration windows (e.g., 0-t;, T,-T,), and employing this
ratio to deduce a pulse shape discrimination factor, derived
from each individual scintillation pulse.

Inany approach, and particularly approaches utilizing digi-
tization as described herein, the exemplary scintillator system
employing an organic plastic polymer may further include
additional components. In one embodiment, for example, the
exemplary scintillator system may include a processor, e.g.
for performing a discrimination method for processing an
output of the photodetector using pulse shape discrimination
for differentiating responses of the material to the neutron and
gamma ray irradiation. In another embodiment, the exem-
plary scintillator system may additionally and/or alterna-
tively include a photodetector, e.g. for detecting the response
of the material to at least one of neutron and gamma ray
irradiation. Of course, other components as would be under-
stood by the skilled artisan reading the present descriptions
may be included and/or excluded according to various
approaches.

In various embodiments, digital processing for pulse shape
discrimination may be performed substantially as described
in U.S. patent application Ser. No. 13/024,066, filed Feb. 9,
2011, which is incorporated in its entirety herein by refer-
ence.

Applications and Uses

Embodiments of the present invention may be used in a
wide variety of applications, and potentially any application
in which high light yield and/or pulse shape discrimination
between gammas, neutrons, charged particles, etc. is useful.

Tlustrative uses of various embodiments of the present
invention include, but are not limited to, applications requir-
ing radiation detection. Search, surveillance and monitoring
of radioactive materials are a few such examples. Various
embodiments can also be used in the nuclear fuel cycle,
homeland security applications, nuclear non-proliferation,
medical imaging, special nuclear material, high energy phys-
ics facilities, etc. Moreover, the figure of merit (FOM) per-
formance metric is already sufficient to distinguish neutrons
from gammas down to the few hundred keV/gamma equiva-
lent regime, and will be very useful for non-proliferation,
homeland security and safeguards applications.

Yet other uses include detectors for use in treaty inspec-
tions that can monitor the location of nuclear missile war-
heads in a nonintrusive manner. Further uses include imple-
mentation in detectors on buoys for customs agents at U.S.
maritime ports, cargo interrogation systems, and instruments
that emergency response personnel can use to detect or search
for a clandestine nuclear device. Assessment of radiological
dispersal devices is another application.

While various embodiments have been described above, it
should be understood that they have been presented by way of
example only, and not limitation. Thus, the breadth and scope
of a preferred embodiment should not be limited by any of the
above-described exemplary embodiments, but should be
defined only in accordance with the following claims and
their equivalents.

What is claimed is:

1. A method for fabricating a scintillator material compris-

ing:

a polymer matrix comprising at least one of: polyvinyl
xylene (PVX); polyvinyl diphenyl; and polyvinyl tet-
rahydronaphthalene; and

aprimary dye in the polymer matrix, the primary dye being
a fluorescent dye, the primary dye being present in an
amount of greater than 10 wt %;
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wherein a total loading of dye in the scintillator material is
sufficient to cause the scintillator material to exhibit a
pulse-shape discrimination (PSD) figure of merit
(FOM) of about at least 2.0, and the method comprising:

placing a precursor mixture in a heating vessel;

sparging the precursor mixture with nitrogen; and

heating the precursor mixture until a polymerization pro-
cess yields a product that exhibits an optical response
signature for neutrons which is different than an optical
response signature for gamma rays, wherein the differ-
ence in the optical response signatures is sufficient to
accomplish pulse shape discrimination (PSD) between
the optical response signature for the neutrons and the
optical response signature for the gamma rays, and

wherein the precursor mixture comprises:
a monomer present in an amount ranging from about 60
wt % to about 95 wt %;
aprimary fluor present in an amount ranging from about
5 wt % to about 75 wt %; and
a free radical initiator present in an amount of about 0.1
wt %.

2. The method as recited in claim 1, wherein the monomer
comprises vinyl toluene,

wherein the primary fluor is selected from diphenyl
oxazole (PPO) and diphenyl anthracene (DPA), and

wherein the free radical initiator is benzoyl peroxide.

3. The method as recited in claim 1, wherein the precursor
mixture further comprises a secondary dye present in an
amount ranging from about 0.2 wt % to about 0.5 wt %.

4. The method as recited in claim 1, wherein the monomer
comprises one or more of: vinyl toluene, anhydrous p-xylene,
styrene, and vinyl biphenyl,

wherein the primary fluor is diphenyl oxazole (PPO),

wherein the secondary fluor is selected from diphenyl
anthracene (DPA), tetraphenyl butadiene (TPB) 1,4-Bis
(5-phenyl-2-oxazolyl)benzene (POPOP), p-bis(o-meth-
ylstyryl)benzene, 1,4-bis-2-(4-methyl-5-phenylox-
azolyl)benzene, 2,2'-p-phenylenebis(5-phenoxazole),
diphenylstilbene, 1,3,5-triaryl-2-pyrazolines, 4-(n-bu-
tylamino)-2-(4-methoxyphenyl)benzo[b]pyrylium per-
chlorate, sodium salicylate, 1,4-bis(2-methylstyryl)ben-
zene  (Bis-MSB), 7-dimethylamino-4-methyl-2-
quinoline, 7-amino-4-methylcoumarin, 4,6-dimethyl-7-
ethylamino coumarin, and

wherein the free radical initiator is benzoyl peroxide.

5. The method as recited in claim 1, further comprising
filtering the precursor mixture prior to placing the precursor
mixture in the heating vessel.

6. The method as recited in claim 1, further comprising
shaking the heating vessel during the heating.

7. The method as recited in claim 1, wherein the heating
comprises incubating the precursor mixture at a temperature
of'about 80° C. for approximately 96 hours.

8. The method as recited in claim 1, wherein the primary
dye includes multiple types of fluorescent dyes.

9. The method as recited in claim 1, wherein the primary
dye is present in an amount ranging from about 50 wt % to
about 75 wt %.

10. A method for fabricating a scintillator material com-
prising:

a polymer matrix comprising at least one of: polyvinyl
xylene (PVX); polyvinyl diphenyl; and polyvinyl tet-
rahydronaphthalene; and

aprimary dye in the polymer matrix, the primary dye being
a fluorescent dye, the primary dye being present in an
amount of greater than 10 wt %;
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wherein a total loading of dye in the scintillator material is
sufficient to cause the scintillator material to exhibit a
pulse-shape discrimination (PSD) figure of merit
(FOM) of about at least 2.0, and the method comprising:
placing a precursor mixture in a heating vessel;
heating the precursor mixture until a polymerization pro-
cess yields a product that exhibits an optical response
signature for neutrons which is different than an optical
response signature for gamma rays, wherein the differ-
ence in the optical response signatures is sufficient to
accomplish pulse shape discrimination (PSD) between
the optical response signature for the neutrons and the
optical response signature for the gamma rays; and
shaking the heating vessel during the heating, and
wherein the precursor mixture comprises:
a monomer present in an amount ranging from about 60
wt % to about 95 wt %;
aprimary fluor present in an amount ranging from about
5 wt % to about 75 wt %; and
a free radical initiator present in an amount of about 0.1
wt %.

11. The method as recited in claim 10, wherein the mono-
mer comprises vinyl toluene,

wherein the primary fluor is selected from diphenyl

oxazole (PPO) and diphenyl anthracene (DPA), and
wherein the free radical initiator is benzoyl peroxide.

12. The method as recited in claim 10, wherein the precur-
sor mixture further comprises a secondary dye present in an
amount ranging from about 0.2 wt % to about 0.5 wt %.

13. The method as recited in claim 10, wherein the mono-
mer comprises one or more of: vinyl toluene, anhydrous
p-xylene, styrene, and vinyl biphenyl,

wherein the primary fluor is diphenyl oxazole (PPO),

wherein the precursor mixture further comprises a second-

ary fluor selected from diphenyl anthracene (DPA), tet-

raphenyl butadiene (TPB) 1,4-Bis(5-phenyl-2-o0x-
azolyl)benzene  (POPOP),  p-bis(o-methylstyryl)
benzene, 1,4-bis-2-(4-methyl-5-phenyloxazolyl)
benzene, 2,2'-p-phenylenebis(5-phenoxazole),

diphenylstilbene, 1,3,5-triaryl-2-pyrazolines, 4-(n-bu-
tylamino)-2-(4-methoxyphenyl)benzo[b]pyrylium per-
chlorate, sodium salicylate, 1,4-bis(2-methylstyryl)ben-
zene  (Bis-MSB), 7-dimethylamino-4-methyl-2-
quinoline, 7-amino-4-methylcoumarin, 4,6-dimethyl-7-
ethylamino coumarin, and

wherein the free radical initiator is benzoyl peroxide.

14. The method as recited in claim 10, further comprising
filtering the precursor mixture prior to placing the precursor
mixture in the heating vessel.

15. The method as recited in claim 10, further comprising
sparging the precursor mixture with nitrogen.

16. The method as recited in claim 10, wherein the heating
comprises incubating the precursor mixture at a temperature
of about 80° C. for approximately 96 hours.

17. The method as recited in claim 10, wherein the primary
dye includes multiple types of fluorescent dyes.

18. The method as recited in claim 10, wherein the primary
dye is present in an amount ranging from about 50 wt % to
about 75 wt %.

19. A method for fabricating a scintillator material com-
prising:

a polymer matrix comprising at least one of: polyvinyl

xylene (PVX); polyvinyl diphenyl; and polyvinyl tet-
rahydronaphthalene; and
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aprimary dye in the polymer matrix, the primary dye being
a fluorescent dye, the primary dye being present in an
amount of greater than 10 wt %;

wherein a total loading of dye in the scintillator material is

sufficient to cause the scintillator material to exhibit a

pulse-shape discrimination (PSD) figure of merit

(FOM) of about at least 2.0, and the method comprising:
placing a precursor mixture in a heating vessel;

heating the precursor mixture at a temperature of about 80°

C. for approximately 96 hours until a polymerization

process yields a product that exhibits an optical response

signature for neutrons which is different than an optical

response signature for gamma rays, wherein the differ-

ence in the optical response signatures is sufficient to

accomplish pulse shape discrimination (PSD) between

the optical response signature for the neutrons and the

optical response signature for the gamma rays; and

wherein the precursor mixture comprises:

a monomer present in an amount ranging from about 60
wt % to about 95 wt %;

aprimary fluor present in an amount ranging from about
5 wt % to about 75 wt %; and

a free radical initiator present in an amount of about 0.1
wt %.

20. The method as recited in claim 19, wherein the mono-
mer comprises vinyl toluene,

wherein the primary fluor is selected from diphenyl

oxazole (PPO) and diphenyl anthracene (DPA), and
wherein the free radical initiator is benzoyl peroxide.

21. The method as recited in claim 19, wherein the precur-
sor mixture further comprises a secondary dye present in an
amount ranging from about 0.2 wt % to about 0.5 wt %.

22. The method as recited in claim 19, wherein the mono-
mer comprises one or more of: vinyl toluene, anhydrous
p-xylene, styrene, and vinyl biphenyl,

wherein the primary fluor is diphenyl oxazole (PPO),

wherein the precursor mixture further comprises a second-

ary fluor selected from diphenyl anthracene (DPA), tet-

raphenyl butadiene (TPB) 1,4-Bis(5-phenyl-2-ox-
azolyl)benzene  (POPOP),  p-bis(o-methylstyryl)
benzene, 1,4-bis-2-(4-methyl-5-phenyloxazolyl)
benzene, 2,2'-p-phenylenebis(5-phenoxazole),

diphenylstilbene, 1,3,5-triaryl-2-pyrazolines, 4-(n-bu-
tylamino)-2-(4-methoxyphenyl)benzo[b]pyrylium per-
chlorate, sodium salicylate, 1,4-bis(2-methylstyryl)ben-
zene  (Bis-MSB), 7-dimethylamino-4-methyl-2-
quinoline, 7-amino-4-methylcoumarin, 4,6-dimethyl-7-
ethylamino coumarin, and

wherein the free radical initiator is benzoyl peroxide.

23. The method as recited in claim 19, further comprising
filtering the precursor mixture prior to placing the precursor
mixture in the heating vessel.

24. The method as recited in claim 19, further comprising
shaking the heating vessel during the heating.

25. The method as recited in claim 19, further comprising
sparging the precursor mixture with nitrogen.

26. The method as recited in claim 19, wherein the primary
dye includes multiple types of fluorescent dyes.

27. The method as recited in claim 19, wherein the primary
dye is present in an amount ranging from about 50 wt % to
about 75 wt %.



